Abstract-A microfluidic dispensing device that is capable of generating droplets with volumes varying between 1 nL and 50 pL at an ejection frequency of up to 6 kHz is presented. In this device, a piezoactuator pushes onto an elastic membrane via piston tips; the mechanical bending of the membrane generates a pressure pulse pushing droplets out. An analytical model was developed solving bending characteristics of a plate-actuated fluidic dispensing system and used to calculate the displaced volume. The model was extended to perform stress analysis to find the optimum piston tip radius by minimizing design stresses. The optimum piston tip radius was found to be 67% of the chamber radius. The actuation force estimated using the analytical model was then used as input to a finite element model of the dispenser. A detailed numerical analysis was then performed to model the fluid flow and droplet ejection process and to find critical geometric and operating parameters. Results from both models were used together to find the best design parameters. The device contains three layers, a silicon layer sandwiched between two polydimethylsiloxane (PDMS) polymer layers. Silicon dry etching, together with PDMS soft lithography, was used to fabricate the chip. PDMS oxygen plasma bonding is used to bond the layers. Prototypes developed were successfully tested to dispense same-sized droplets repeatedly without unwanted droplets. The design allows easy expansion and simultaneous dispensing of fluids.
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I. INTRODUCTION

D
EOXYRIBONUCLEIC acid microarray technology is used to identify gene sequences or to determine gene expression. Microarray dispensing typically involves delivering small samples/analytes on a substrate or slide with volumes in the range of nanoliters to picoliters [1] . Printing uniform spots within a slide and from slide to slide is important in a microarray application [2] . Existing dispensers can be categorized into contact printing with pins or noncontact printing [3] . There is a growing interest in using noncontact printing technology in microarray and biomedical diagnostic applications. Noncontact dispensing devices usually employ mechanical actuation to eject droplets through small nozzles. Presently, noncontact sys-tems utilize mainly the following actuation techniques: thermal actuation [4] - [6] , pneumatic actuation [7] , [8] , electrostatic actuation [9] , [10] , acoustic actuation [11] , [12] , and piezoactuation [13] - [20] . There is a need for high-accuracy and highdensity microdroplet generators and for an understanding of the mechanics of droplet generators [14] , [21] - [25] .
A dispensing head, to be used in microarray production, should be biocompatible, so the operating conditions do not damage the biological samples. Nakamura et al. [26] showed that both piezoelectric and electrostatic actuation are suitable for biological sample printing. A number of research groups have presented piezoactuated [13] - [17] and electrostaticactuated [10] microdispensers for microarray printing. The piezoactuated dispensing head presented in this paper can be fabricated using low-cost microfabrication processes.
A noncontact-type droplet dispenser using plate actuation is presented. The microdispenser design is presented in Section II, which uses mechanical bending of an elastic plate due to the deflection of a piezoactuator. An analytical model was used to predict the volume dispensed based on the plate physical properties. A detailed finite element analysis solving for the droplet ejection was utilized to select the best values for the various geometric and operating parameters of the dispenser. The modeling and analysis are all presented in Section III. Experimental assessment of the prototype developed is described in Section IV.
The models presented in this paper assist in selecting geometric and operating variables of plate-actuated dispensers. The dispenser design presented in this paper could also be useful in other applications apart from microarray production, including ink-jet printing, droplet combustion studies, microoptical component manufacturing, direct writing, and electrical component cooling.
II. SYSTEM DESCRIPTION
The microdroplet generator ( Fig. 1) consists of a piezoactuator driving a dispensing microfluidic chip. The dispensing unit consists of three basic elements: a pressure (fluid) chamber, an inlet microchannel, and a nozzle. The microfluidic chip consists of a silicon layer, containing the pressure chamber and the inlet channel, which is sandwiched between two polydimethylsiloxane (PDMS) layers. The lower PDMS layer is the nozzle layer, and the upper PDMS layer is the flexible plate layer with the piston tips. The dispensing unit could be arranged in an array format to generate multiple droplets simultaneously.
The dispenser works when a piezoactuator and the piston tip push on the plate, ejecting a droplet out through the nozzle. Initially, the reservoir is filled with liquid by an external syringe pump. The nozzle allows air to exit from the device during fill. After droplet ejection, the plate returns to its original position, drawing liquid in. To ensure proper refilling and to prevent backflow from the chamber during actuation, a small overpressure inside the microchannel and the pressure chamber is maintained with a pump at the inlet.
III. DESIGN OPTIMIZATION
The maximum plate deflection and bending line determine the amount of volume that will be dispensed. The contact area between the piston tip and the plate, i.e., the loading radius, is associated with maximum deflection and stresses developed. A bending formula for the plate is first developed and then used to solve for the bending line, the volume dispensed, and the actuation force required. The results are then used to design the membrane and to approximate the amount of force required to dispense a desired volume.
Droplet ejection modeling is also necessary to understand the influence of geometric and operating parameters associated with changes in flow inside the chamber. Therefore, a detailed ejection analysis was performed by solving for the fluid flow inside the chamber and the nozzle while considering surface tension, gravity, and free-surface change. A system representing a half section of one dispensing unit that consists of a chamber, an inlet port, and a nozzle is used for finite element modeling. Numerical studies were carried out to achieve a better understanding of the effects of geometric and operating variables on the device performance, and results were used to optimize the design of the dispensing device. Numerical tests were also used to examine droplet breakup, velocity, and volume by varying system parameters, including chamber diameter, chamber height, inlet length, inlet thickness, inlet location, and exit diameter of the nozzle.
A. Static Analysis of the Plate
When an electrical pulse is applied to the piezoactuator, the piston tip displaces a thin flexible plate and forces the liquid to move out from the nozzle. An analytical model that establishes a relationship between the loads applied to the plate and the volume of liquid dispensed is presented. Each pressure chamber consists of a through hole covered with a circular plate. The plate deformation is described by the elastic theory of a circular plate of radius R and thickness h with clamped edges [ Fig. 2(a) ]. A uniformly distributed load along the bottom of the plate characterizes the resistance of an incompressible fluid confined underneath the plate. The actuation load acts on a loading radius R * via the piston tips with intensity q 1 , and the fluid resistance has intensity q 2 . The radial coordinate of the circular plate and its lateral deflection are denoted as r and w, respectively. Note that when the same letters are used to denote dimensional and their nondimensional quantities, an overbar above the dimensional values is added.
The plate geometry and loading conditions are symmetric about a central axis; therefore, the problem is treated axisymmetrically. The axisymmetric static deformation of a circular plate is described by [27] , [28] 
where D is the bending stiffness of the plate with Young's modulus E and Poisson's ratio ν. The bending stiffness is the product of the modulus of elasticity and the moment of inertia and is expressed as
. Equation (1) can be normalized to reduce parameters and to make it dimensionless by using the following parameters:
The radial distance is normalized using the chamber outer radius R; the deflection is normalized using the thickness of the plate h; ξ is the ratio of the thickness of the plate to the radius of the plate. To simplify (1), pressure is normalized using a pressure scale
. Then, the normalized form of (1) is
New variables w 1 , w 2 , and w 3 are defined as
where w 3 /r = dw/dr is the first derivative of the bending line w(r); therefore, w 3 is related to the slope of the bending line where M rr is the bending moment. Thus, w 2 relates to the combination of the bending moment and the slope
where Q r represents the shear force. Therefore, −(w 1 /r) is the shear force. Rewriting (3) using the variables w 1 , w 2 , and w 3
The boundary conditions are the following:
1) zero slope at the center of the plate
2) zero slope at the clamped edges
3) no deflection at the clamped edges
4) no concentrated force at the center of the plate [27] 
To illustrate the last boundary condition (6d), the relationship between the variable w 1 and the shear force Q r distributed on a circle with radius r is [27] 
where Q 0 is an externally applied concentrated force in the center of the plate. In this case, Q 0 is zero at the center of the plate because the force generated from the piezo is a distributed load. The function q in (5) is a step function and has two boundary regions (in terms of the radial parameter r). Therefore, to solve the system of (5) in the domain 0 ≤ r ≤ 1, it is divided into two subdomains.
For the internal subdomain,
For the external subdomain, r * ≤ r ≤ 1
r ,
Equations (8) and (9) are solved using the appropriate boundary conditions. At radius r = r * , both (8) and (9) are matched to determine the plate lateral deflection in the two different subdomains as Fig. 3 shows the bending lines of the PDMS plates with a radius of 200 μm for several plate thicknesses. The physical properties for a PDMS plate were described by Armani and Liu [29] . Results show that the maximum deflection for a 100-μm-thick plate is 8.28 μm (Fig. 3: x 
-axis r/R, y-axis w/h).
The amount of liquid ejected through the nozzle is the amount of liquid displaced by the deflection of the plate; thus, the dispensed volume is found from the integration of the bending line
Combining the solutions of (10) and (11) into (12) and integrating the two domains, the volume V of the moving liquid is
As we will see later in Section IV, the fluid resistance intensity q 2 can be estimated from the experimental data. Therefore, the fluid resistance intensity is a known quantity.
To highlight the dependence of the dispensed volume on pressure, fluid resistance, and loading radius, (13a) is normalized as
where the scale for volume is V • = πξR 3 /192. Thus, for a given dispensed volume v d , using (14) , the intensity of the external load q 1 can be found as a function of the loading radius r * and the fluid resistance q 2
Equation (15) establishes the relationship between the volume dispensed and the actuation force. This equation provides a model to calculate the force required for dispensing a specified volume when the loading radius r * and the fluid resistance intensity q 2 are known.
The maximum deflection occurs at the center of the plate, and its value is found using (10) and (15) as
From (13a) and (15), for a given dispensed volume v d and fluid resistance intensity q 2 , all subsequent variables (bending line, maximum deflection, and actuation force) depend on the loading radius r * . However, the loading radius r * itself is associated with the stresses developed in the system. Therefore, to select an appropriate value for the loading radius r * , a stress analysis was performed. The geometric values used in producing the figures in the following analysis are for a PDMS circular plate with radius R = 200 μm and thickness starting at h = 100 μm. Typical dimensions for the chamber diameter and the chamber height found in the literature range between 200 and 400 μm and between 100 and 400 μm, respectively [8] , [21] , [22] .
The stresses in the system can be solved to find the best value for the loading radius r * , which results in a minimal value of the maximum stress across the entire plate.
The only nonzero components of the stress in this system are the radial σ rr and tangential σ θθ stresses, which are as follows [27] , [28] :
where
] is a normalizing coefficient for stress.
Nondimensional radial (σ rr ) and tangential (σ θθ ) stresses for different loading radii r * are shown in Fig. 4 , where it is found that both radial and tangential stresses are minimum and maximum at the center of the plate (r = 0) and at its edge (r = 1), respectively. Therefore, these stresses at the edges and the center are investigated through an optimization analysis and are compared for different loading radii. These two stresses are expressed in terms of the loading radius r *
At r = 0, |σ Fig. 5(a) ]; thus, for design purposes, one could either consider the radial component or the tangential component at the center of the plate since both are equal. Similarly, Fig. 5(b) shows that |σ (1) θθ (r * )| < |σ (1) rr (r * )| and that the radial stress σ (1) rr (r * ) is dominant. Therefore, two stress components are considered for design purposes: σ (0) rr (r * ) and σ (1) rr (r * ).
The best design value for the loading radius r * is where the maximum design stresses in the system [i.e., σ (1) rr (r * ) and σ rr (r * ) and σ (1) rr (r * ) are plotted in Fig. 6 . The figure shows that these two stresses intersect at point A [ Fig. 6(a) ]. To the left of point A, the value of the radial stress developed at the center of the plate, i.e., σ (0) rr (r * ), is higher compared to the other design stress, i.e., radial stress developed at the edge of the plate σ (1) rr (r * ), and it increases gradually when going further to the left. To the right of point A, although σ (0) rr (r * ) is decreasing, σ (1) rr (r * ) gradually increases. Therefore, the maximal absolute value of the radial and tangential stresses across the whole plate is minimal at point A. From Fig. 6(b) , the loading radius (r min * ) at this intersection point is 0.664. Therefore, this value corresponds to a loading radius where the values of the maximum stresses developed in the plate are minimum. This implies that the best size of the piston radius is 66.4% of the chamber radius.
B. Modeling the Droplet Ejection Process
The dispensing process was numerically modeled to allow parameter variations of design variables and to study device performance. ANSYS [30] was used to simulate the flow. The working fluid is incompressible and Newtonian. For the flow in microdroplet generators, surface forces are larger, therefore important, compared to volume forces because of the small device dimensions. The fluid domain moves with time, so the arbitrary Lagrangian-Eulerian algorithm was used [31] . Simulation of droplet formation involves tracking and solving the evolution of the free surface, at the tip of the nozzle; therefore, the volume of fluid (VOF) algorithm [32] was used. The aim was to find the most suitable values for the geometric and operating variables. Numerical experiments were carried out by varying the design parameters involved in the ejection process in order to examine their effect on the droplet generation.
The characteristic parameters analyzed were ejection sequence, droplet volume, dispensing frequency, droplet velocity, occurrence of satellite (unwanted) droplets, and velocity distribution inside the device. The following two groups of design parameters exist: 1) geometrical parameters: chamber diameter and height; nozzle diameter and height; and inlet length, height, and location; 2) operating parameters: driving pressure pulse type, frequency, and amplitude.
The numerical model considered the active region in the chip, i.e., the pressure chamber, the inlet, and the nozzle. Half the chip is used for the calculations to reduce the simulation time and the number of grid elements. A control volume represent- ing the surrounding air of the same dimension as the liquid pressure chamber was added beneath the nozzle to compute and visualize the droplet ejection sequences. The numerical domain shown in Fig. 7 represents half of the design shown in Fig. 1 . The deformation of the plate was modeled in the previous section. Fluid flow in the chamber, nozzle, and inlet channel below the plate and droplet ejection sequence below the nozzle are modeled in this section. Water was used as the working fluid. A finer mesh was adopted in the regions (around the nozzle), as shown in Fig. 7 , where the droplet creation and change in the free surface occur.
The boundary conditions are the following: The pressure pulse generated by the plate is applied at the top, the amplitude of which is calculated using (15) . A constant low pressure was defined at the inlet, zero pressure at the nozzle exit, and all other surfaces as wall boundary conditions. It is a transient fluid flow problem involving both liquid and gas components. Fig. 8 shows the ejection sequences from 0 to 0.8 ms in increments of 0.2 ms. The evolution of the free surface from extrusion to droplet breakup gives a comprehensive image of the droplet dispensing. When the plate returns to the initial position, there is a negative pressure gradient inside the chamber that draws fluid into the chamber.
The plate deflects in one direction with one peak occurring at the center, which means that the velocity at the center of the chamber should be highest. The velocity profile at 0.2 ms is plotted in Fig. 9 . It shows that the flow is developing inside the chamber with maximum velocity occurring at the center of the chamber. Velocity vectors at two time instants are shown in Fig. 10 . Immediately after the actuation pulse, the constant low inlet pressure prevents liquid backflow. The velocity gradually decreases to zero inside the inlet channel, preventing liquid backflow [ Fig. 10(a) ]. When the plate returns to its initial position, the negative pressure pulse forces liquid to flow from the inlet to the chamber [ Fig. 10(b) ]. Thus, the refilling of the chip is initiated by the release of the plate that causes a negative pressure at the top of the pressure chamber, and the process is aided by the small overpressure maintained at the inlet.
The nozzle diameter directly affects droplet volume and velocity. The nozzle diameter was varied in the numerical runs and is linearly related to the droplet volume. The diameter is varied between 25 and 150 μm. Once the diameter exceeds 150 μm, nonuniform droplets are formed, and fluid comes out in the form of jets and then breaks into a main droplet and satellite droplets. Similarly, there is also a second value of 25 μm, below which no droplets could be generated because of high surface tension forces. Results also show that a longer and thinner inlet, as expected, leads to greater pressure loss. Moreover, it takes more time to fill the chambers from the reservoir if a longer inlet microchannel is used. If the inlet channel is too thin (< 5 μm), then the pressure loss will be large, and high power, as well as longer time, is necessary to refill the chambers. If the inlet channel height is too large (> 75 μm), no droplets are created, and fluid tends to move into the inlet channel due to the lower pressure drop required for fluid to move to the inlet region as compared to the nozzle region.
Two inlet locations were considered for the design and were assessed numerically: 1) fluid is fed into the dispensing chamber from the top of the chamber or 2) from the bottom of the chamber. The average fluid velocity inside the chamber and nozzle was approximately twice as large when the inlet was at the bottom. Thus, when the inlet is positioned at the bottom, it improved the flow, which improves the refilling process. The numerical simulations also show that, when the diameter of the dispensing chamber was too large (> 600 μm), it was not possible to dispense liquid.
IV. EXPERIMENTS
A single dispensing unit was fabricated and tested. It consists of one chamber (400-μm diameter and 280-μm height), one nozzle (100-μm diameter and 100-μm height), and a microchannel (60 μm deep). The prototype is shown in Fig. 11 . To validate the analytical model, the actuation force from the piezo and the maximum deflection of the membrane were measured. The plate model was evaluated by comparing the predicted maximum deflection with the measured data. The maximum deflections predicted from the model and experimental measurements are shown in Fig. 12 , where the actuation force intensity is plotted against the maximum deflection (the solid line represents the case where q 2 = 0). The force from the piezo was measured with a Kistler load washer force sensor 9001A. The maximum plate deflection was measured by recording the maximum displacement of the edge of the piezoactuator when it was attached to the piston tip by image analysis. An initial comparison between the model and experimental data shown in Fig. 12 reveals a good agreement on the slope. The model data at the initial comparison have a slope of 0.25, whereas the experimental data have a slope of 0.28. However, the model overpredicts the maximum deflection. To reduce the difference, a remodeling was necessary. In the development of the model, the pressure from the liquid q 2 was assumed to equal to zero. The model was extended to solve for the pressure q 2 . Equation (10) solves for the deflection of the plate and could be used to calculate the maximum deflection at the center of the plate which can be expressed as
From the aforementioned equation, the maximum deflection w max is a linear function of the applied load q 1 . This finding agrees with the experimental data shown in Fig. 12 .
Equation (21) is an expression for a straight line, where the parameter q 2 (pressure from the liquid underneath the membrane) is the y intercept and is responsible for moving the line in the y-direction. We can calculate q 2 from (21) using the available experimental data for w max and q 1 . Rearranging (21) leads to
Using the data for the applied pressure load q 1 and the maximum deflection w max { q
. . , N}, an estimate of the fluid pressure q 2 using the least-squares method is obtainedq
For the six experimental points in Fig. 12 , N = 6. Once the value of the fluid resistance is estimated, its value was used in the model to recalculate the theoretical deflection, and results are shown in Fig. 12 (dashed line) . The data obtained using the improved approach are in good agreement with the experimental data.
A microscope mounted with a high-speed camera recorded the ejection of droplets. Another image capturing device (courtesy of the Canadian Microelectronics Corporation) was also placed close to the device to study repeatability. Several snapshots showing the droplet ejection sequence at the tip of the nozzle at different time intervals after the actuation of the piezo are shown in Fig. 13 , along with numerical predictions. These images were used to compare results from numerical modeling. Five consecutive droplets were dispensed for each experiment. The deviation between subsequent droplet volumes was less than 10%. The changes in free-surface shape captured in the numerical simulation and experimentally are compared in Fig. 13 , and similar breakup characteristics with no occurrence of unwanted (satellite) droplet formation were found. There was a small dead volume remaining at the nozzle tip after ejection, which is approximately twice the diameter of the nozzle [ Fig. 13(a) and (f) ]. Experiment results showed that this volume did not alter the repeatability, as it remained the same during the subsequent ejections. However, it limits the separation distance between two subsequent nozzles to half of the diameter to avoid cross contamination between neighboring nozzles.
The volume of the droplets ejected from the prototype was 1 nL, while in the simulations with similar geometric parameters, it was 600 pL. The difference between numerical and experimental volumes is likely due to the influence of the dead volume and inaccuracy in the fabrication process such as the nozzle size which was found to be 15%-20% higher in the prototype.
V. CONCLUSION
A compact mathematical model based on mechanical buckling of a plate-actuated fluidic dispensing system was developed that describes the bending characteristics of the plate. The model is useful in predicting the actuation force required to dispense a desired volume. This actuation force was used as input to a dispenser numerical model and is used for selecting the actuator characteristics. The bending formula and force calculations were also used to design the plate physical properties. The model was then extended to perform stress analysis to determine the optimum loading radius of the actuating force. The model showed that the loading radius should be ∼67% of the chamber radius to minimize stress in the system. The droplet ejection process was simulated numerically in order to design the overall dispensing device. Numerical runs led to critical values for the geometric and operating variables. It showed that a minimum droplet volume of 50 pL is possible at a maximum dispensing frequency of 6 kHz without forming satellite droplets. The fabricated device showed repeatable dispensing without creating any satellite droplets. The good agreement between the model predictions and the experimental results demonstrates the usefulness of these models as a design tool.
